We present an evaluation of residual vertical gravity-height change gradients obtained from gravimetric and elevation data between 1982 and 2000 at the Campi Flegrei caldera (CFc) in Italy. Spatial and temporal variations in the gradients are indicative of multiple causative sources during unrest, in particular for ground subsidence from 1988 onwards. Supported by results obtained from time-series inversion for the period 1988-2000 using a random search approach of a purely elastic earth model and a genetic algorithm accounting for elastic-gravitational effects, we propose a centre of dilatation undergoing predominantly pressure changes yet negligible mass changes as the dominant cause for caldera deflation. Mass fluctuations in randomly active secondary sources along the periphery of the CFc can be best explained by dynamic changes along the caldera boundary (ring) faults.
I N T R O D U C T I O N
Geodetic and gravimetric measurements are key components of volcano monitoring, which can provide insights into subsurface volume and mass changes via the inversion of time-series data. Magma replenishment and withdrawal as well as dynamic changes in hydrothermal reservoirs have been deduced, for example, at calderatype volcanoes undergoing periodic unrest (Eggers 1987; Bonafede & Mazzanti 1998; Battaglia et al. 2003a,b; Gottsmann et al. 2006; Furuya et al. 2003; de Zeeuw-van Dalfsen et al. 2005) . Alternatively, vertical gravity gradients, g Uz , obtained from relating gravity changes, g, with the observed elevation changes, U z , may help in determining when a volcano transforms from a state of dormancy through unrest into a state where volcanic eruptions must be anticipated (Eggers 1987; Berrino et al. 1992; Rymer & Williams-Jones 2000; Gottsmann & Rymer 2002) . These studies were performed using mathematical models assuming pure elasticity of the Earth's crust. While such models may account for phenomena resulting in a linear gradient signature, non-linear gravity-height change relationships as well as gravity changes associated with negligible ground deformation, or vice versa, are difficult to interpret. A number of applications (Fernandez & Rundle 1994a,b; Fernandez et al. 1997; Tiampo et al. 2004a; Fernandez et al. 2005) have shown that gravitational coupling effects can be fundamental for explaining gravity changes which are not accompanied by significant ground displacement at active volcanoes. In this paper we compare information derived from the evaluation of vertical gravity-height gradients to information from the inversion of gravity-deformation time series.
The inversion models are based on the mathematical frameworks of (i) pure mechanical elasticity of the Earth (including the Boussinesq deformation effect of the mass load) and (ii) an elastic and self-gravitating Earth. This combined approach enables an assessment of the value of gravity gradiometry as a first proxy for quantifying subsurface processes at active calderas and hence for hazard assessment. In addition, inversion results provide insights into subsurface dynamics and enable the investigation of the effects of coupling between gravity and elasticity during caldera unrest. Our models account for subsurface mass, volume and pressure changes within a spherical reservoir, which is mathematically approximated by a point source. The point source is the combined effect of a centre of expansion, ce, and a point mass, pm, located at the same position.
Analysing geodetic and gravimetric data obtained at the restless Campi Flegrei caldera (CFc), Italy, between 1982 and 2000, we are particularly interested in quantifying causative processes for ground subsidence.
C A M P I F L E G R E I C A L D E R A U N R E S T
The restless CFc is situated ca. 10 km W of Naples (Italy) and is renowned for its continuous ground deformation over the past 2000 yr (Parascondola 1947) , dominated by slow ground subsidence. The caldera structure resulted from two main collapse events (37 and 12 ka) followed by a number of 'post-caldera' eruptions (Rosi et al. 1983; Orsi et al. 1996) . Superimposed on the overall Table 1 . Names, location (m) and vertical surface gravity gradients (µGal m −1 ) of benchmarks for the respective periods of unrest displayed in Figs 1-4.
Benchmark
Easting Northing 1982 Northing -1984 Northing 1985 Northing -1987 Northing 1988 Northing -2000 Northing 1992 Northing -2000 Northing 1998 Northing -2000 Northing 1992 Northing -1998 Arco trend of deflation are periods of uplift in the early 1500s (Di Vito et al. 1987) , culminating in an eruption in 1538 and since 1969 (Di Vito et al. 1999) . Two uplift sequences (1970-1972 and 1982-1984) were followed by periods of deflation. Since 1988, this has occurred again at the historic 'background' mode of about 1.5 cm a −1 . The maximum observed deformation during both inflation and deflation is centred east of the town of Pozzuoli. Gravimetric surveys revealed significant gravity changes in conjunction with the observed deformation between 1981 and 2001 (Berrino et al. 1984; Berrino 1994; Gottsmann et al. 2003) . The gravity-elevation data obtained during inflation was interpreted to be the result of dynamic changes in the subsurface magmatic reservoir (Berrino et al. 1984; Berrino 1994; Dvorak & Berrino 1991; Fernandez et al. 2001) , alternatively due to changes within subsurface hydrothermal systems (Bonafede & Mazzanti 1998) , or some combination of both (Gottsmann et al. 2005 (Gottsmann et al. , 2006 . A similar controversy accompanies the interpretation of geodetic and gravimetric data obtained during the deflation to occur since 1985 (Berrino 1994; Dvorak & Berrino 1991; Bonafede & Mazzanti 1998; Lundgren et al. 2001) .
In this paper we present results on the evaluation of vertical gravity gradient data using the cumulative geodetic data set presented in Gottsmann et al. (2003) , where information on associated measurement protocols, benchmark distribution and network occupation frequencies are given in detail. The gravity data employed in this study were obtained at 15 benchmarks (Table 1) which are linked to two absolute gravity stations in the area. Gravity benchmarks coincide with precise levelling benchmarks and gravity measurements were carried out using two LaCoste and Romberg model D gravity meters (numbers 62 and 136) (Berrino 1994 ).
D A T A E V A L U A T I O N

Gradiometry
We derive vertical orthometric gravity gradients (Fernandez et al. 2005) using the set of gravimetric and levelling data presented in Gottsmann et al. (2003) . We divide the observation period 1981-2001 into three different episodes: inflation (1982) (1983) (1984) , rapid deflation (1985-1987) and slow deflation (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) .
The vertical surface gravity gradient
corresponds to the ratio of observed gravity change at the surface, g s , over height change, U z , an approach also followed, for example, by Berrino et al. (1992) ; Rymer & Williams-Jones (2000) ; Gottsmann & Rymer (2002) .
We also calculate the residual gravity gradient
where FA is the local free-air gravity gradient (−290 ± 5 µGal m −1 ; Berrino et al. 1984 ; 1 µGal = 10 −8 ms −2 ). The residual gravity gradient bears information on the dominant causative subsurface process. A pressure change caused by a density change (e.g. phase change) in a centre of expansion (ce) results in s FA . As a consequence r values are around 0 (Rundle 1978; Walsh & Rice 1979) . Mass fluctuations in a point mass (pm) gives F A s and hence a r ∼ 0 (Fernandez et al. 2005) .
Inversion
We have inverted the time-series obtained during slow deflation in order to obtain (i) quantitative information about the subsurface processes investigated qualitatively via gradiometry and (ii) insights into the nature of the source(s) responsible for unrest since 1988. We have followed two inversion techniques: a random search approach of a purely elastic earth model and a genetic algorithm (GA) accounting for elastogravitational effects. Both models are based on the same elastic properties of the computational domain: Poisson ratio = 0.25 and shear modulus = 10 GPa. Because of the non-uniqueness of the inversion results we present the obtained subsurface volume change in the form of a pressure strength (P * R 3 ), where P is the pressure change and R the source radius.
Random search
We fit the observed gravity and elevation changes at n benchmarks by means of the modelled effects due to pressure and mass changes in m point sources (Mogi 1958) , with positions X j , Y j , Z j , mass M j and pressure strength P j R 3 j ( j = 1, . . , m) located within an homogeneous elastic medium. We account for effects of mass loading on the deformation field by including the solution of the Boussinesq problem (Davis & Selvadurai 1996) . The equations for the joint (simultaneous) inversion of gravity and elevation changes show a non-linear behaviour for parameters X j , Y j , Z j , but are linear for mass and pressure strength. As a consequence a mixed inversion process is employed: a hard random exploration of the entire subsurface volume for values X j , Y j , Z j , combined with a linear least squares fit of M j and P j R 3 j for each selected position. We use a misfit function for the gravity and elevation residuals, v i and u i (i = 1, . . . , n), respectively, and the a priori standard deviations of the gravity and elevation data, named σ i and θ i (i = 1, . . . , n), respectively, given by:
(3)
Factor α ≈ 1 allows for a balance between gravity and elevation fits. The third and fourth terms of eq. (3) are included as (optional) stabilizer terms to avoid instability of the solution if data resolution is limited. The third and fourth terms represent values for the total anomalous mass and total anomalous strength, respectively, using Z j for weighting. z is the mean elevation of all benchmarks. β ≈ 0 and γ ≈ 0 are a priori defined coefficients to load the stabilized terms. The inversion process starts by randomly selecting positions X j , Y j , Z j , then fitting mass and pressure strength by a linear least squares adjustment, and finally evaluating the suitability of that solution based on its corresponding misfit function. The source parameters of the minimum value of the misfit function are selected as the final solution. An additional linearized system is constructed, using the final solution for error estimation. By means of a least squares fit for every source parameter, standard deviations for the best-fit solution are obtained.
Genetic algorithm
The elastic-gravitational model by Rundle (1980 Rundle ( , 1982 accounts for the mutual interaction between a subsurface mass change, the gravity field, and the effect of pressure changes within a spherical reservoir, which is mathematically approximated by a point source.
The point source is the combined effect of a centre of expansion, ce, and a point mass, pm, located at the same position. One successful global optimization tool, the GA, evolves the unknown parameters according to the principle of natural evolution. The basic structure of the GA code used here is modified from Michalewicz (1992) . The process begins by representing the model to be optimized as a real-value string. Starting with an initial range of random models, these algorithms progressively modify the solution by incorporating the evolutionary behaviour of biological systems. The fitness of each solution is measured by a quantitative, objective function, the fitness function, FV. Next, the fittest members of each population are combined using probabilistic transition rules to form a new offspring population. Copying strings according to their fitness values means that strings with a better value of fitness have a higher probability of contributing one or more offspring in the next generation. This procedure is repeated through a large number of generations until the best solution is obtained, based on the fitness measure (Michalewicz 1992) . It has been demonstrated that those members of the population with a fitness value greater than the average fitness of the population itself will increase in number exponentially, effectively accelerating the convergence of the inversion process (Holland 1975; Goldberg 1989) . The specific GA program used in this inversion is described in detail in (Tiampo et al. 2000 (Tiampo et al. , 2004a .
For this particular application, an initial population size of 100 was chosen in conjunction with a crossover rate of 0.85 and a mutation rate of 0.2. The elastic-gravitational model (Rundle 1980 (Rundle , 1982 Fernandez & Rundle 1994a,b; Fernandez et al. 1997) inverted here includes six parameters-x and y location, depth, mass, pressure and radius. After 10 000 generations, that member with the highest fitness value, FV, is considered the best solution. Here the fitness value used is 1 χ 2 , where χ 2 is the chi-square value computed using the least-squares residuals to the actual data.
R E S U L T S
Gradiometry
Gradient data for each episode and benchmark are reported in Table 1 .
Surface gravity gradients obtained at five benchmarks with a continuous record during inflation, rapid deflation and slow deflation, respectively, are displayed in Fig. 1 . The average s of −200 µGal m −1 for the period 1982-1984 at benchmarks along the northern shore of the Bay of Pozzuoli is less than FA , resulting in a r between 80 and 100 µGal m −1 for this area (Fig. 2) . One benchmark (Capo Miseno) located at the southwestern shore of the Bay of Pozzuoli records a r of −70 µGal m −1 . Residual gradients during rapid deflation show overall positive values, predominantly around 50 µGal m −1 at stations along the northern shore, except for benchmark Baia Castello with a r of 450 µGal m −1 . Slow deflation is dominated by r values between −20 and 20 µGal m −1 (Fig. 2) , revealing surface gradients close to FA (Fig. 1) . However, again the gravity gradient values are not equal across the entire area of investigation. The eastern sector of the Bay of Pozzuoli reveals large positive r , stemming from positive s values of around 1300 µGal m −1 in that area (Fig. 1) . Gravity gradients for inflation (1982) (1983) (1984) show the largest r values across the area of maximum ground deformation suggesting a mass addition in the subsurface dominating the gravitational signal. A density change in the source appears to play a subordinate role. Ground deformation may thus be predominantly triggered by mass addition inducing a volume change. A subsurface mass change accompanied rapid deflation (1985) (1986) (1987) , although based on the r data (Fig. 2b) , its contribution to the gravitational signal was less pronounced than compared to inflation. We would infer from this a pressure decrease in a centre of dilatation, caused by a combination of a density decrease and mass loss. There appears to be a spatial non-linear gradient relationship for the period 1982-1987; however, the data is too sparse to be statistically significant. The same applies for the period of slow deflation 1988-2001.
However, from 1992 onwards, data from 15 joint deformation and gravity benchmarks are available, providing a sounder base for evaluation. Compared to inflation and rapid deflation, slow deflation appears to be associated with very large positive and negative s on the order of thousands of µGal m −1 , particularly at benchmarks farthest from the centre of deformation (Fig. 3) . Poles in the gradient data occur between large positive r values in the southeastern and northwestern sectors and large negative r values in the southwestern and northeastern sector of the survey area (Fig. 4a ). No radial symmetry is obvious in the spatial distribution of the residual gradients. Similar to the residual gradient pattern in Fig. 2(c) , benchmarks close to the centre of deformation deviate only marginally from FA , resulting in r values between ±20 µGal m −1 (Fig. 4a) . The same is apparent for the periods 1998-2000 ( Fig. 4b) as well as 1992-1998 ( Fig. 4c ). Although benchmarks located at the periphery of the survey area show extremely large gradient values, their sign changes depend on the period of interest. For example, between 1992 and 2000 the northern part of the survey area shows both large positive and negative residual gradients (Fig. 4a) , whereas between 1998 and 2000 positive residuals dominate (Fig. 4b) . Between 1992 and 1998 large negative residual gradients are detected across the same area (Fig. 4c) . Overall, the period of slow deflation shows a pronounced non-linear spatial gradient relationship; however, there is no radial symmetry in the data, implying that a single source solution is less likely for the slow deflation.
Random search inversion
We have inverted the gravity and elevation data for slow deflation (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) for one, two and three sources using the random search technique detailed above. Source parameters from all inversions are Fig. 3 , but for residual gravity gradients, r , in µGal m −1 . Red stars indicate surface projections of source locations derived from two-source random search inversion (Table 2) . Table 2 . List of source parameters obtained by the inversion techniques for individual periods during slow deflation (RS: random search, GA: genetic algorithm). Column 'Symbol' shows symbols employed in Fig. 5 for representation of source positions. Last two columns show the rms residuals of gravity and elevation data as obtained from the inversions. 1 MU = 10 12 kg. Table 2 and a visual representation of source locations is given in Fig. 5 . The best-fit solution for the single source model proposes a pressure dominated source (ce) located between Pozzuoli and Solfatara. Of all models tried this solution provides the poorest quality of fit. Source parameters obtained for the two-source model (Table 2 ) indicate a main ce located between Pozzuoli and Solfatara at a depth of ca. 2600 m approximately 1900 m south of the single source (Fig. 5) . The second source has a dominant pm effect with negligible pressure variations. The poor precision of its position is due to its peripheral location in the survey area. This lack of precision results in an instability of the solution. This can be avoided by including constraints on the total anomalous mass and pressure strength (β = 1, γ = 5). We obtain a substantially better fit to the data compared to the single-source model.
RMS
The three-source model introduces important changes concerning the main ce source, which decomposes into two individual sources located southeastwards and northwestwards from the position of the ce of the two-source model ( Table 2) . The third source coincides with the pm of the previous model. Its location again poorly defined (NE of benchmark Nisida). The overall quality of fit improves again, which is not surprising since we are introducing more degrees of freedom into the inversion. It appears possible that we are inverting for small fictitious features in the gravity data, which results in the placement of an additional source to account for local perturbation in the gravity field. The source parameter standard deviations are significantly worse in the three-source model compared to those of the two-source model. We, therefore, regard the three-source model as a suggestive model of the possibility of an elongated WNW-ESE extended shallow ce as the dominant source, which may only be poorly represented by the point source approximation.
The key result of source parameters from the two-source inversion for the periods 1992-2000, 1992-1998 and 1998-2000 (Table 2) is that for all periods considered during deflation the modelling suggests the presence of a dominant pressure source located between Pozzuoli and Solfatara, the second source showing characteristics of a pm. In all model runs the location of the second source is only poorly defined.
Genetic algorithm inversion
We have inverted the gravity and elevation data for slow deflation (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) for both one and two sources using the GA technique detailed above. The single-source solution is not shown due to the extremely large χ 2 values, denoting a very poor fitness. Source parameters obtained for the two-source model are given in the lower Table 2. part of Table 2 . Standard deviations were obtained using a Monte Carlo estimation of errors. Errors for X (Easting) show a distinctly bimodal distribution for two sources and are thus small. The Northing positions (Y ) of both sources are however similar, making the discrimination of each location more difficult which hence results in larger errors. We see that one source is primarily a ce source, while the second is predominantly pm, and similar to the random search inversion, we find that the pm source is shallower while the ce source is deeper (Fig. 5 ). However, other, significant differences exist between the solutions determined from the random search and GA inversions.
In considering these differences, three points should be taken into consideration. First, the locations determined by the GA show much smaller associated errors. This is due to the GA's ability to correctly fit the correlated pattern of the deformation early in the inversion process. Second, as demonstrated by Tiampo et al. (2004a,b) the large uncertainty associated with the pressure-radius combination for pm sources are linked to the large uncertainty in the depth. This is due to both the small deformations associated with these sources, often below the standard deviations of the data, and the inability of the pm source to constrain the depth. Third, the self-gravitational coupling of the pm source, in this model, can generate effects on the same order as the observed gravity changes, resulting in significant variations, included in the GA inversion, but not the random search inversion (Charco et al. 2006) .
I N T E R P R E T A T I O N A N D D I S C U S S I O N
Gravity gradients for inflation (1982) (1983) (1984) show the largest r values across the area of maximum ground deformation, suggesting a mass addition in the subsurface dominating the gravitational signal. A density change in the source appears to play a subordinate role to account for the induced gravity changes. The observed ground uplift may thus be best explained by a combination of mass addition and pressure changes inducing a subsurface volume change. Mass addition at depth in conjunction with ground inflation could be indicative of magma migration in addition to a pressure increase in a ce, caused by, for example, phase changes in the shallow hydrothermal system due to the upward migration of hot fluids from a deeper magma reservoir. Such a scenario is consistent with results from finite element modelling for multiple sources at the CFc (Gottsmann et al. 2006) .
A subsurface mass change accompanied rapid deflation (1985) (1986) (1987) , although based on the r data (Fig. 2b) its contribution to the gravitational signal was less pronounced than compared to inflation. We would thus infer a pressure decrease in a centre of dilatation, caused by a combination of density decrease and mass loss.
Based on r values around 0 in the area of maximum ground deformation during slow deflation, we propose pressure effects due to density changes in a ce as the dominant cause for unrest in that area. This scenario is also supported by our inversion results, which converge for a central source located at a depth of around 2700 m undergoing negligible mass changes (Fig. 5) . A key candidate for this dominant ce source is the hydrothermal system beneath the CFc. This pressure-dominated regime could likely be caused by transient density variations in a hydrothermal reservoir. The hydrothermal system beneath the CFc is complex as probed by several drill holes (Chelini & Sbrana 1987) . The deepest drill holes reached almost a depth of 3000 meters and penetrated a thermometamorphic zone from ca. 2000 m onwards. Decarbonation reactions are inferred to increase permeability in the thermometamorphic zone making it a reservoir of geothermal systems (Chelini & Sbrana 1987) . The location, depth and nature of the point source inferred in this study coincides with source parameters deduced by inverting the 1988-2000 data set for a finite source. Gottsmann et al. (2006) modelled hydrothermal fluid migration in a prolate spheroid extending from depth to within a few hundred meters of the ground surface as a causative source for slow deflation. Supercritical behaviour of hydrothermal fluids is regarded as being causative for short-term reversals in ground deformation (Gaeta et al. 2003 ) during overall slow deflation, where the associated phase changes of fluid to vapour and reverse would equate to residual gravity gradients around 0 µGal m −1 .
Large residual gravity gradients at the periphery of the survey area (i.e. the topographical boundary of the caldera complex) are approximated by the pm source(s) derived from the inversions. It appears though, that their source locations depend on the period of interest. For example, considering the period 1992-1998, we model the pm being located at the eastern shore of the Bay of Pozzuoli, the inversion of the 1998-2000 data suggests a location at the western shore (Fig. 4) . Based on their locations, one could speculate that the associated gravity changes are induced by mass/density changes along the caldera ring faults. These dynamic changes do not seem to be accompanied by significant ground deformation and appear to occur randomly both spatially and temporally (Gottsmann et al. 2003) (Fig. 5 ). Mass/volume changes along ring faults are inferred to play a significant role during unrest at the Rabaul caldera (Saunders 2004) . In order to test the influence of ring fault dynamics at the CFc, one would require a better precision on the location of these secondary sources and their mass/volume changes. This would in turn require extension of the current survey area beyond the topographical limits of the caldera.
Based on the results obtained here, we argue that the evaluation of residual vertical gravity gradients can provide first insights into source multiplicity and the assessment of causative subsurface processes as it allows the discrimination of pressure change effects from mass changes. Given sufficient spatial gravity-height data, poles in the gradient data can then be used as a first proxy on source depth (Fernandez et al. 2005) . A first qualitative approach in hazard assessment using gradiometry can be augmented by a fully quantitative investigation of subsurface dynamics via the inversion of timeseries data. As such an integrated approach to the study of caldera unrest could include both initial, rapid evaluation of the geodetic results using gravity gradients followed by an in-depth study of the source parameters and their sensitivities. The depth indicator obtained from gradiometry can be used to eliminate the problem of non-uniqueness of inversion results. For the second step, employing the random search method as a first inversion is useful to quickly obtain preliminary results, a critical necessity in a crisis situation. GAs combined with more elaborate deformation models can then be used for a more definitive study. The present work represents a case example for the applicability of elastic-gravitational models. Those models are appropriate for the interpretation of volcanic activity producing small or zero surface displacement combined with gravity changes above precision levels (Fernandez et al. 1997; Charco et al. 2006 ).
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